Abstract In this study, a procedure was developed to determine short-chain alkane monocarboxylic acids (SCMAs) in aqueous samples using headspace solid-phase microextraction (HS-SPME) followed by gas chromatography (GC) coupled with mass spectrometry (MS). A Stabilwax-DA capillary column (30 m×0.32-mm inner diameter, 0.50-μm film thickness) was used for GC separation and a 60-μm poly (ethylene glycol) fiber was used to isolate SCMAs from water and introduce them into the gas chromatograph. Parameters of HS-SPME, analyte desorption, and GC-MS analysis were selected and an analytical procedure was proposed. Limits of quantitation were on the order of about 0.2 mgL -1
Introduction
Short-chain alkane monocarboxylic acids (SCMAs) containing two to seven carbon atoms in a molecule are analytes of interest in environmental chemistry, wastewater treatment, municipal solid waste disposal, etc. [1] . SCMA total content has generally been determined by titration [2] [3] [4] or spectrophotometry [5, 6] . Electrophoresis [7, 8] , gas chromatography (GC) [9] [10] [11] , and liquid chromatography [12] , mainly ion chromatography [13] , are applied to determine individual acids. GC is the method of choice to separate SCMAs in free form and as derivatives. Clean aqueous samples can be directly injected into a gas chromatograph to determine SCMAs, possibly after filtering off solid particles. Often GC determination of SCMAs in water must be preceded by matrix exchange and possibly an increase in analyte concentration. For this purpose, distillation, solvent extraction, solid-phase microextraction (SPME), and gas extraction (static headspace and purge and trap) have been used [1, 5, 14, 15] .
A convenient isolation technique is SPME, which is quite inexpensive, time-efficient, and solvent-free and hence environmentally friendly [14] . In SPME, analytes are extracted into a thin fused-silica fiber coated with the extraction phase by immersing it in liquid and gas samples or in the headspace of solid and liquid samples (headspace SPME) [16] . The latter approach is very useful when the aqueous sample (e.g., raw wastewater) contains particulate matter and/or fiber-contaminating or fiber-damaging substances [17, 18] . Most of the commercially available fibers except for a poly(ethylene glycol) (PEG) fiber have been tested for extraction of SCMAs from aqueous samples.
Abalos et al. [11] used a 75-μm polydimethylsiloxane/ Carboxen (PDMS/CAR) fiber to extract SCMAs from the headspace of urban wastewater. Application of GC with flame ionization detection to determine the analytes gave limits of detection (LODs) on the order of 675 μgL -1 for ethanoic acid and from 6 to 54 μgL -1 for C 3 -C 4 acids. GCmass spectrometry (MS) with negative ion chemical ionization permitted lower LODs of 150 μgL -1 for ethanoic acid and 2 μgL -1 for higher acids (C 3 -C 7 ) to be obtained [10] . Yo [19] determined C 1 -C 7 SCMAs in water, applying a 65-μm Carbowax/divinylbenzene fiber for direct extraction and GC-MS with electron beam ionization for the analysis. The LODs ranged from 0.03 to 11.0 mM. A polyacrylate fiber, which is very polar, efficiently extracted free C 2 -C 5 acids from air (LOD 50-100 ngL -1 with GC with flame ionization detection). The LODs were much lower (below 1 ng/L with GC with electrochemical detection) when extraction was accompanied by in-fiber derivatization.
The objective of this study was to develop and apply a procedure to determine SCMAs in aqueous samples using headspace SPME with a fiber for sampling and GC-MS for the analysis. Parameters of extraction (time, temperature, agitation rate, sample volume), and the time and temperature of desorption in the gas chromatograph injector were selected. The procedure was validated and applied to analyze municipal wastewater at different steps of treatment.
Experimental

Chemicals and solutions
Acid standards containing two to seven carbon atoms in a molecule of either 99.8% or 99.5% purity were purchased from Fluka (Switzerland). Methyl tert-butyl ether was from Merck (Germany). Stock standard solutions of each analyte were prepared by dissolving an acid standard in methyl tert-butyl ether. These solutions were mixed and diluted to the required concentration to give a standard solution. Standard aqueous samples were made by spiking purified water with the standard solution. A standard mixture of C 1 -C 7 SCMAs (10 mM) in water was obtained from Supelco (USA); it was diluted with water to produce organic-solvent-free standard aqueous samples.
Sodium chloride and 96% sulfuric acid, both "pure for analysis" grade, were from Polskie Odczynniki Chemiczne (Poland).
Real samples
Municipal wastewater was sampled into 0.5-L HDPE bottles (Kautex) at the wastewater treatment plant at three sites: after leaving the grate, from the initial settling tank, and from the pipe discharging treated wastewater Before use the bottles were carefully cleaned, rinsed with reverse osmosis purified water (Milli-Q A10 Gradient/Elix system, Millipore, Bedford, MA, USA), and rinsed twice with the sampled medium. They were filled to the brim with the wastewater to be analysed and transported to the laboratory in ice-cooled boxes (within 4 h), then the samples were acidified and stored at 4°C.
Solid-phase microextraction
Aqueous samples (standard or real) were placed in 15-mL glass vials with PTFE/silicone septa (Supelco, 27159). The 60-μm PEG and 85-μm PDMS/CAR fibers were from Supelco. They were conditioned in an injection port of the gas chromatograph before use at 240 and 300°C, respectively. The fibers were exposed to the headspace of a sample kept at a selected temperature for a set time, retracted into a needle, and introduced into the gas chromatograph.
GC-MS instrumentation and analysis
A Thermo Finnigan Trace GC gas chromatograph equipped with a split/splitless injector coupled with a TRACE DSQ quadrupole mass spectrometer was used. SCMAs were desorbed from the fiber in a gas chromatograph splitless injection port with a 1 mm inner diameter liner. The injector temperature was 230 and 300°C for PEG and PDMS/CAR fibers, respectively. A Restek Stabilwax-DA (cross-bond PEG treated with nitroterephthalic acid) open tubular capillary column (30 m×0.32 mm×0.50 μm) was used for separation. The oven temperature program was as follows: 40°C (3 min), 40°C/min to 180°C (1 min), 10°C/min to 230°C (1 min). The helium carrier gas flow rate was 1.5 mLmin -1 . The temperature of the transfer line and that of the electron impact ion source (70 eV) were 230 and 240°C, respectively. MS was performed in full spectrum scanning mode (m/z 40-400) and in selected ion monitoring (SIM) mode. The ions selected for the acids were as follows: ethanoic-43, 45, 60; propanoic-45, 57, 74; methylpropanoic-43, 73, 88; n-butanoic-60, 73; 3-methylbutanoic-41, 60, 87; n-pentanoic-60, 73, 87; nhexanoic-60, 73, 87; n-heptanoic-41, 60, 73.
Results and discussion
GC separation
SCMAs are very polar compounds and a polar Stabilwax-DA column was selected for separation. The temperature program was given in the previous section. The selection of the initial column temperature and its run time was crucial for good peak shape and separation of the most volatile acids. The conditions tested were 35, 40, and 45°C kept for 3 and 5 min; an initial temperature of 40°C maintained for 3 min was the best condition.
Desorption
The acids extracted into the PEG fiber from the headspace of an aqueous standard sample of 250 mgL -1 concentration of each acid were desorbed for 3 and 5 min at injector temperatures ranging from 210 to 250°C (change every 10°C) and the peak areas were measured; 3 min desorption at 230°C was selected. Under these conditions the desorption from the fiber was performed twice for each extraction event. Standard samples of three different concentrations of each acid, i.e., 250, 25, and 1 mgL -1 , were analyzed. Peak areas of particular acids on the second desorption chromatograms were never larger than 0.5% of those obtained in the first desorption. This suggests that only trace, if any, amounts of extracted SCMAs remained on the fiber after the first desorption event and can be neglected as they are smaller than the experimental errors.
Desorption from the PDMS/CAR fiber was conducted at 300°C as proposed by Abalos et al. [11] .
Headspace SPME
Fiber
Free SCMAs are polar and, according to the "rule of thumb," a polar fiber coating should be the first choice. A 60-μm PEG fiber (Supelco) was selected. It was shown to give results similar to those for the 85-μm PDMS/CAR fiber, whose successful use for the most volatile SCMAs has already been reported.
Extraction parameters
The parameters taken into consideration were temperature, time, sample volume, and salt addition.
Temperature
The amounts of acids extracted (peak areas) at 25, 35, and 45°C were compared. Higher temperatures were not used to avoid high water vapor content in the headspace, which can shorten the PEG fiber lifetime. In the tests, 8 mL sample in a 15-mL vial and an extraction time of 40 min were applied. Two opposite effects determine the dependence of the extraction yield on temperature: raising the temperature increases the fraction of analyte transferred from a sample into its headspace but it decreases the fraction transferred from the headspace to the fiber. For C 2 -C 6 acids the highest yield was at 25°C; only heptanoic acid extraction was the best at 45°C. A temperature of 25°C was chosen for extraction.
Extraction profiles
Extraction profiles in the range up to 50 min at a selected temperature of 25°C and an assumed sample volume of 8 mL were determined. The sample was agitated with a magnetic stirrer at a rate of 1,200 rpm. As the results in Fig. 1 show, extension of the extraction time beyond 40 min does not give a noticeable increase in the peak areas; so 40 min was chosen as an analytical protocol parameter.
Sample volume
The amounts of acids extracted into the PEG fiber (peak areas) were measured for standard samples with volumes of 2, 5, and 8 mL in a 15-mL vial; the concentration of each acid in the sample was 25 mgL -1 and the extraction time was 40 min. The largest peak areas were obtained for 2-mL samples and this volume was selected as a procedure parameter.
Salt addition
From results of previous studies, addition of 0.75 g NaCl to a 2-mL sample considerably decreases the solubility of SCMAs [20] . The addition of the same amount was included in the protocol.
Detection, identification, and quantitation
In samples of high concentration, SCMAs were identified by comparing the retention times and the mass spectra of peaks with those of unknowns. In SIM mode, retention time identification was supported by the intensity ratio of two to three characteristic ions selected for monitoring. Quantitative analysis was based on SIM mode chromatograms, which were simpler owing to increased selectivity.
Linearity and precision
Working standard solutions of C 1 -C 7 acids in water with concentration in the range from 0.10 to 300 mgL -1 prepared from the commercial standard mixture were analyzed according to the complete protocol developed (see "Experimental"). Linear regression was used to describe the response-concentration dependence. The best fittings were observed when the concentration range was divided into two segments depending on the acid; the first for concentrations close to the LODs. The regression coefficients were never lower than 0.9917 and the coefficients of variation were not larger than 6%.
LODs and limits of quantitation LODs were calculated from calibration functions [21] using Eq. 1:
where S is the residual standard deviation of the calibration function and b is the slope of the first linear function. The limits of quantitation (LOQs) defined as 3 times the LOD were acid-dependent; they were lower than 0.15 mgL -1 for aqueous standard samples (Table 1 ). For comparison, LOQs for the same protocol are also given in Table 1 .
Real samples
The procedure developed was applied to determine SCMAs in municipal wastewater sampled after leaving the grate, from the primary settling tank, and from a discharge pipe (treated wastewater).
The concentrations of individual acids were determined by the external standard method. To standard and real samples 2-ethylbutanoic acid (25 mgL -1 ), not formed in nature, was added to exclude some biased results. In a few cases, the method of standard addition was applied to test if matrix components influenced the results to a noticeable degree. In this case, SCMAs were added to real samples as a mixture of the aqueous standard solution. Since the differences were small as compared with errors of analysis, the data obtained (Table 2) were based on external standard calibration.
The results show that in all wastewaters, ethanoic acid was the most abundant. The second most abundant was propanoic acid. As can be expected, the concentration of acids was the lowest in treated wastewater and the highest in the primary settling tank.
Conclusions
A PEG-coated SPME fiber can be used to sample SCMAs containing two to seven carbon atoms in a molecule from the headspace of aqueous samples and to introduce the extracted analytes into a gas chromatograph. When GC-MS (SIM) is used for the analysis, SCMAs can be determined at a concentration above tenths of a milligram per liter. Repeatability expressed as the coefficient of variation was not larger than 6%. The selectivity of the analytical procedure is sufficient to analyze samples of very complex matrices (e.g., wastewater). The example of the application was the determination of SCMAs in municipal wastewater at different steps of treatment. Some samples contained particular matter, high molecular weight organic substances and inorganics, and also interfering volatile organics. In all the samples, ethanoic, propanoic, 2-ethylpropanoic, nbutanoic, and 3-methylbutanoic acids were determined. In treated wastewater, the concentrations of the acids were more than an order of magnitude lower than in the samples collected at other sites. Ethanoic acid was always predominant. The concentrations of n-pentanoic, n-hexanoic, and n-heptanoic acids were below the LODs.
